A microreview is presented of the development by the authors of the original preparation of enantiomerically pure cyclopentane blocks from the racemic [2+2]-cycloadducts of 1,3-cyclopentadiene and its derivatives with dichloroketene.
Introduction
The widespread occurrence of cyclopentanoids has led to the development of a variety of approaches for their synthesis [1] [2] [3] [4] [5] [6] . In the synthesis of natural and unnatural biologically active cyclopentanoids, the preparation of chiral orthogonally functionalized cyclopentane (cyclopentene) block-synthons is important. They are required in the synthesis of monocyclic cyclopentanoids (prostaglandins, carbanucleosides, pheromones, cyclopentenone antibiotics) as well as in approaches to the more complex bi-and polycyclic compounds containing a fragment of the cyclopentane ring (brefeldin А, hitachimycin, didemenones, hybridalactone, retigeranic acid, quadrone, ginkgolide) [7] .
Readily available [2+2]-adducts of cyclic 1,3-diene with dichloroketene attracted our attention in terms of use in approaches to cyclopentanoids. Reaction between the dichloroketene and cyclopentadiene and its derivatives occur exclusively regio-and stereoselectively with formation of the expected [2+2]-cycloadducts [8] . In these adducts the presence of a reactive α,αdichlorocyclobutanone fragment and the double bond in the cyclopentene ring gave the opportunity for the versatile use of these in a total synthesis. If the step of preparing the adducts met with few difficulties, the problematic subsequent steps related to induction of chirality. Available examples relate to individual transformations of dichlorocyclobutanone into the corresponding alcohols or acids, which are suitable for separating enantiomers by classical methods [9] .The review focuses on the development of a new methodological approach by the authors, the optical resolution of the transformed derivatives referred to [2+2]-cycloadducts and their use in the synthesis of natural cyclopentanoids and their precursors.
1.
[2+2]-Cycloadduct of 1,3-cyclopentadiene and dichloroketene: The easy multi-gram scale availability of the [2+2]-cycloadduct of cyclopentadiene with in situ generated dichloroketene (Cl 2 CHCOCl+Et 3 N or Cl 3 CCOCl+Zn) attracted our attention as a possible object for the optical resolution for the following reasons ( Figure 1 ). First, it is important to have the structure of the very strained and activated gemdichlorocyclobutanone fragment apt to the cleavage of the C(O)-CCl 2 bond by treatment with a nucleophilic "source of chirality", and secondly, the diastereomeric products of ring opening after the hydrolysis of the gem-dichloromethyl group could lead to bicycles which can be easily separated by means of either chromatography or crystallization. 
Synthesis of (+)-and (-)-3,3a,6,6a-tetrahydro-1H-cyclopenta[c]furan-1-ones:
The synthesis and use of racemic lactone 2 were described by Hudlicky [10] and Wang [11] . Later, Furstoss worked out a more convenient synthesis of racemic lactone 2 [12] , as well as its (-)-enantiomer, applying a microbial Bayer-Villiger oxidation of bicyclo[3.2.0]hept-6-en-2-one. Chiral (-)-2 was used only in the synthesis of marine brown algae pheromones [13] ; compound (+)-2 had not been described earlier. Based on bicycle 1 a practical route was developed for the synthesis of enantiomeric lactones 2 (Figure 2 ), which may find various applications in approaches to cyclopentanoids. For the cleavage of the cyclobutanone fragment in 1 inexpensive chiral auxiliary (+)-or (-)-α-methylbenzylamine were used [14] . As expected, both enantiomers of α-methylbenzylamine easily cleaved 1 to give diastereomeric amides 3a,b and 4a,b in high yields. The hydrolysis of the gem-dichloromethyl group in amides 3 and 4 was realized by the treatment of these compounds with AgNO 3 in boiling aqueous CH 3 CN. The slow transformation was observed of 3 or 4 into bicyclic lactam-aminals 5a,b or 6a,b, respectively (Figure 3 ). At this stage the most important thing was that each of the resulting diastereomeric pairs was characterized by different R f values, and they were readily separable by column chromatography on silica gel. For conversion of the gem-dichloromethyl group of compound 3 into an aldehyde, inexpensive reagents were applied (FeCl 3 ·6H 2 O, BaO or NaHCO 3 ) [15] . With the use in the hydrolysis of catalytic amounts of PdCl 2 , the expected compounds (5) quickly formed products of intermolecular self-condensation (7) . The ether formation was also found after evaporation of solutions of individual compounds 7a and 7b under reduced pressure and by heating to 60°C ( Figure 4 ). The hydrolytic cleavage of amides 5 and 6 was found to be a problem. Under the standard conditions of acidic and alkaline hydrolysis, the amides were highly stable. Only after the borohydride reduction of 5a (Figure5) in dioxane/water at reflux was amidoalcohol 8a produced. Its treatment with acid furnished the target structure (-)-2. Analogous transformations from 5b led to (+)-2.
Enantiomeric (+)-and (-)-3,3a,6,6a-tetrahydro-1H-cyclopenta-[c]furan-1-ones:
Next, the possibility was studied of converting the enantiomeric γ-lactones 2 into the corresponding topologically similar homologous δ-lactones 9 ( Figure 6 ) [16] . As one can see from the structures, compounds 9 may find diverse applications in the synthesis of enantiomerically pure cyclopentanoids. Let us note in this respect that syntheses of chiral lactone (+)-9 and its use for the synthesis of prostaglandin precursors and next of preclavulon A, isoprostanes, neuprostanes, etc. have been reported by Zanoni and Vidari [17] [18] [19] [20] .Tietze reports the labor-intensive chemoenzymatic synthesis of compound (+)-9 and (-)-9 [21] , and his group used enantiomerically pure (+)-9 for synthesis of spinosyn A analogues [22] . For homologization of the γ-lactone fragment in δ-lactone compounds, 2 were tested in a thermal ring-opening reaction with the cyanide ion. The resulting cyanoacids 10a and 10b, in two simple synthetic steps, were transformed into lactones (+)-9 and (-)-9. Simultaneously, the side products -trans-cyanoacids formed during the preparation of compounds 10a and 10b -were also converted to their corresponding trans-cyanoalcohols, which remained unchanged during the hydrolysis stage and were easily removed by column chromatography on SiO 2 from the target lactones ( Figure 7) . In contrast to the bicyclic lactones 2, acetates 18a and 18b reacted smoothly and rapidly, but not stereoselectively, with mchloroperbenzoic acid to produce two pairs of stereoisomeric epoxides 19a/20a and 19b/20b; in each pair, the more polar stereoisomers 19 slightly prevailed (~8 : 7) [26] . Compounds 19a and 20a, as well as 19b and 20b, were characterized by anomalously strongly different R f values, and they were readily separated by column chromatography on silica gel.
The resulting epoxides 16, 17 were tested in the nucleophilic ringopening reaction by treatment with the thiophenolate anion ( Figure   10 ). Nucleophilic S N 2-addition of all-cis-epoxylactones proceeded smoothly with a good regioselectivity giving cyclopentane α-hydroxisulfides 21, 22 in the ratio 21a:22a=21b:22b=1:6. It should be noted that, during the reaction with thiophenol in the ionic liquid, the regioselectivity of epoxide ring-opening is completely missing. The products 21b and 22b were obtained in a ratio of 1:1. A better result -absolute regioselectivity of the epoxide ring-opening by the action of PhSwas obtained in the case of anti-epoxylactones (-)- 16 and (+)-16. Compound (+)-23 is a suitable synthetic precursor for entecavir [7, 38] .
Use of the chiral blocks in the synthesis of sarkomycin A and precursors of brefeldin A:
The potential of using orthogonally functionalized chiral cyclopentane blocks was demonstrated by the development of approaches to sarkomycin A [27] and brefeldin A [28] . Here, regioisomeric lactones 24 were used as key intermediates [29] (Figure11). In approaches to 24 during fictionalization of lactone (-)-2 and epoxide (-)-17 by using hydroboration-oxidation, bromohydroxylation and reduction of epoxide, a mixture of stereo-and regioisomers was prepared ( Figure 12 ).
7-(S)-Brefeldin
Bromohydroxylation. Suitable results were obtained in the case of use of compounds 8. Bromohydroxylation of 8a and 8b by treatment with N-bromosuccinimide (NBS) in acetonitrile-water was characterized by acceptable stereo-and regioselectivity with predominant formation of bromohydrins 29a and 29b, respectively ( Figure 13) . Further, according to the developed reaction sequence from acetates 18, hydroxylactones (-)28 and (-)-32 and their enantiomers were obtained ( Figure 16 ). Compound (-)-26 or (-)- 35 can be used in the synthesis of brefeldin A, whereas lactones (-)-32 are precursors of sarkomycin A. We succeeded in opening the lactone ring by the action of thionyl chloride in boiling methanol; hydroxylactones (-)-26 and (-)-32 were thus converted in high yield into methyl esters (-)-33 and (-)-34. Methyl ester (-)-34 was oxidized with pyridiniumchlorochromate (PCC); the oxidation process was accompanied by dehydrochlorination with the formation of sarkomycin A methyl ester (-)-36. Direct oxidation of hydroxylactones (-)-32 with PCC gave stable sarkomycin precursor, cyclosarkomycin (-)-37. Sarkomycin methyl ester (-)-36, as well as compound (-)-37, can be converted into (-)-sarkomycin A by known methods [10, 30] (Figure 17) . Hydroboration-oxidation. For the regioselective introduction of a hydroxyl group into the cyclopentene ring, amides 8 were tested in a hydroboration-oxidation reaction [31] . In this way the realization of hydroxyl-directed intramolecular hydroboration becomes possible [32] . As was expected experimentally, the hydroborationoxidation reactions of 8a and 8b proceeded to form only diols 58 and 59. The acidic hydrolysis of the compounds gave hydroxylactones 60. The latter are epimers of compounds 39 at the hydroxyl group and may similarly be used in the synthesis of enantiomeric cyclosarcomycins and sarcomycins ( Figure 18 ).
[2+2]-Cycloadduct of 5-trimethylsilylcyclopentadiene and dichloroketene:
The next form of bicycles, which was tested in a similar optical resolution via a diastereomeric pair, was adduct 40 [7] (Figure 19 ). Key steps of the approach are: a) easy cleavage of dichlorocyclobutanone cycle 40 by treatment with a chiral auxiliary (+)-α-methylbenzylamine with the formation of a mixture of diastereomeric amides 41; b) transformation of these amides into bicyclic aminals 42, which can be easily separated by column chromatography on silica gel. Each of the bicyclic aminals 42a and 42b was stereochemically pure and did not contain any isomer admixture. These compounds were characterized as the less hindered exo-epimers (Figure 20) . At the next step for the introduction of a hydroxyl group to the cyclopentene fragment, the epoxidation of compounds 44 was examined. Treatment of them with m-CPBA gave unstable endoepoxides 45. Finally, removal of the TMS-group by H-promoted fragmentation led to enantiomeric cyclopentenoles (-)-46 and (+)-46 [33] (Figure 22 ). Compounds 46 contain three chiral centers in the vicinal functionalized cyclopentene and may find applications in the design and synthesis of a wide range of biologically active cyclopentanoids (such as prostaglandin J 2 or the analogue of methylenomycin A 47).
3.
[2+2]-Cycloadduct of 6,6-dimethylfulvene and dichloroketene: The application of the methodology for the preparation of chiral cyclopentenes developed by us to bicycle 48 open up access to the enantiomeric blocks 49 with an exocyclic double bond in the cyclopentane fragment [34] (Figure 23 ).The key steps of the approach are: a) easy cleavage of dichlorocyclobutanone cycle 48 by treatment with a chiral auxiliary (+)-α-methylbenzylamine with formation of the mixture of diastereomeric amides 50; b) transformation of these amides into Bicyclic aminals 51, which could be easily separated by column chromatography on silica gel. Each of the bicyclic aminals 51a and 51b was converted by borohydride reduction into amidoalcohols 52a and 52b, respectively; further acidic hydrolysis led to enantiomeric lactones 49 ( Figure 24 ). Finally, in the ring-opening reaction with a chiral amine, dichlorolactone (±)-53 was tested, which was obtained by Bayer-Villiger oxidation of racemic adduct (±)-48 ( Figure 25 ). In contrast to (±)-48 the cleavage of the lactone ring in (±)-53 by treatment with (+)-α-methylbenzylamine proceeded under more difficult conditions with 2-hydroxypyridine catalysis, which led to a mixture of diastereomeric amides 54a and 54b in a ratio of 1:1 ( 1 H NMR), which can be easily separated by column chromatography on silica gel. The subsequent lactonization of amides 54 obtained under acidic conditions and dehalogenation by zinc were carried out easily, with formation of enantiomeric lactones (-)-56 and (+)-56.The possibility of obtaining synthetically useful cyclopentane blocks from enantiomeric lactones was shown by the example of transformations of racemic (±)-53 into (±)-60 [35] . Lundt and Johansen have used a similar lactone (-)-61 in the synthesis of sugar mimics, considered as possible glucosidase inhibitors [36] .
Conclusions:
The approach to chiral cyclopentanes presented here including the sequence of transformations with optical resolution of titled [2+2]-cycloadducts via diastereomeric pairs with the use of (+)-or (-)-α-methylbenzylamines as a "source of chirality" is universal, practical and, of course, finds application in the synthesis of natural compounds and unnatural biologically active cyclopentanoids (prostaglandins [37] , carbanucleosides [38] , and cyclopentenone antibiotics [39] ) and in more complex bi-and 986 Natural Product Communications Vol. 8 (7) 2013 Gimazetdinov et al.
polycyclic compounds containing a fragment of the cyclopentane ring.
